The metabolism of quinone-containing antitumor agents involves enzymatic reduction of the quinone by one or two electrons. This reduction results in the formation of the semiquinone or the hydroquinone of the anticancer drug. The consequence of these enzymatic reductions is that the semiquinone yields its extra electron to oxygen with the formation of superoxide radical anion and the original quinone. This reduction by a reductase followed by oxidation by molecular oxygen (dioxygen) is known as redox-cycling and continues until the system becomes anaerobic. In the case of a two electron reduction, the hydroquinone could become stable, and as such, excreted by the organism in a detoxification pathway. In some cases such as aziridine quinones, the hydroquinone can be oxidized by one electron at a time resulting in the production of superoxide, the semiquinone and the parental quinone. Quinone anticancer agents upon reduction can also set up an equilibrium between the hydroquinone, the parental quinone and the semiquinone which results in a long-lived semiquinone. Depending on the compound, aziridine quinones, for example, this equilibrium is long lasting thus allowing for the detection of the semiquinone under aerobic conditions. This phenomenon is known as comproportionation-disporportionation equilibrium. The series of reviews in this Special Issue address the consequences of bioreduction of quinone alkylators used in the treatment of cancer. In this particular review we are interested in describing the phenomenon of redox-cycling, how it is measured, and the biological consequences of the presence of the semiquinone and the oxygen radicals generated.
ABSTRACT
The metabolism of quinone-containing antitumor agents involves enzymatic reduction of the quinone by one or two electrons. This reduction results in the formation of the semiquinone or the hydroquinone of the anticancer drug. The consequence of these enzymatic reductions is that the semiquinone yields its extra electron to oxygen with the formation of superoxide radical anion and the original quinone. This reduction by a reductase followed by oxidation by molecular oxygen (dioxygen) is known as redox-cycling and continues until the system becomes anaerobic. In the case of a two electron reduction, the hydroquinone could become stable, and as such, excreted by the organism in a detoxification pathway. In some cases such as aziridine quinones, the hydroquinone can be oxidized by one electron at a time resulting in the production of superoxide, the semiquinone and the parental quinone. Quinone anticancer agents upon reduction can also set up an equilibrium between the hydroquinone, the parental quinone and the semiquinone which results in a long-lived semiquinone. Depending on the compound, aziridine quinones, for example, this equilibrium is long lasting thus allowing for the detection of the semiquinone under aerobic conditions. This phenomenon is known as comproportionation-disporportionation equilibrium. The series of reviews in this Special Issue address the consequences of bioreduction of quinone alkylators used in the treatment of cancer. In this particular review we are interested in describing the phenomenon of redox-cycling, how it is measured, and the biological consequences of the presence of the semiquinone and the oxygen radicals generated.
INTRODUCTION
There is a great number of anticancer agents that contain quinones in their structure (Figure 1 ). By virtue of their quinones, these agents can undergo a biochemical reduction by one or two electrons that is catalyzed by flavoenzymes in the organism using NADPH as an electron donor. This bioreductive process leads to the semiquinone and subsequent reactions with oxygen, all of which are believed to be responsible for most of the drug's activity (1-3). These findings have found applications in oncopharmacology, beginning with the concept of bioreductive alkylation suggested by Sartorelli and coworkers (1). The process of reductive activation is the first step in the process of redox cycling because bioreduction leads to the semiquinone of the anticancer agent which, under aerobic conditions, is oxidized by molecular oxygen to the parent compound, a process that results in the concomitant production of superoxide radical anion (O 2 -). The formation of O 2 -is the beginning of a cascade that generates H 2 O 2 and hydroxyl radicals ( . OH), generally referred to as reactive oxygen species (ROS) (4, 5). To our knowledge, all quinone-containing antitumor agents, some of which are depicted in Figure 1 , undergo redox cycling at different rates. This review addresses the phenomenon of redox cycling in detail, shows how it is measured, discusses the fate of the reduced species and the reactive oxygen species thus generated, and shows the effect that these redox products have on biological systems. This Special Issue concentrates on quinone alkylators, but in this review we will mention other important quinone-containing anticancer agents as we explain the redox cycling of these compounds.
WHAT REDOX CYCLING IS AND HOW TO MEASURE IT
The enzymes involved in redox cycling are, in general, flavoenzymes that use NAD(P)H as an electron source. The enzymes mediate the transfer of electrons to the quinone of the anticancer agent chemically reducing it to the semiquinone. Subsequent electron transfer to oxygen from the semiquinone results in the formation of O 2 -. This redox cycle continues until the system becomes anaerobic at which time the oxygen radical production decreases and the semiquinone begins to accumulate to detectable levels ( Figure 2 , left hand side).
The superoxide anion participates in a cascade facilitated by metal ions that results in the formation of H 2 O 2 and hydroxyl radical ( . OH). The bioreduction of diaziquone (AZQ, structure shown in Figure 2) A more complicated cycle for reduction and oxidation of a quinone anticancer agent can occur when the quinone is reduced by two electrons to the hydroquinone. Some hydroquinones, such as that of AZQ, can then be oxidized one electron at a time with the formation of the semiquinone and the parental compound respectively. Reduction by two electrons in general leads to detoxification, but not in the case of AZQ and its analogs. Two AZQ semiquinones can also disproportionate to form the parental compound and the hydroquinone. This creates an equilibrium (reaction 2, Figure 2 ) that renders the semiquinone rather stable and, depending on the compound, it can be detected under aerobic conditions, as is the case with AZQ. Diaziquone is one of a family of aziridinylquinones with anti-neoplastic activity (Figure 1) , that have, in addition to redox properties, alkylating activity that is enhanced by a two electron reduction (7). The semiquinone of AZQ can be detected under aerobic conditions, whereas the anthracycline Adriamycin ( Figure  1 ) is detectable only under anaerobic conditions. This is due to the ease with which AZQ and not Adriamycin undergoes reaction 2.
The redox cycling of AZQ mediated by whole cells is depicted in Figure 3 . Here one can clearly see that the decrease of hydroxyl radicals trapped by DMPO (5,5-dimethyl-1-pyrroline-1-oxide) (DMPO-OH adducts, see Section 3.3.4) is accompanied by the increase in the AZQ semiquinone measured by electron paramagnetic resonance (EPR) (see Section 3.3.1) as the cell suspension becomes anaerobic.
Thus, there are four basic measurements that can be made which together will document the presence of redox cycling. These are: 1) the rate of oxidation of NADPH; 2) the measurement of oxygen consumption; 3) the detection of the semiquinone; and 4) the detection of reactive oxygen species (i.e. H 2 O 2 and oxygen radicals).
Oxidation of NAD(P)H
The rate of oxidation of NAD(P)H is readily detected and quantified at 340 nm with an extinction coefficient of 6.24 mM -1 . Table 1 shows the oxidation rates of NADPH during the redox cycling of Adriamycin in the presence of cytochrome c reductase. The effect of Vitamin E is shown as well as the positive control Menadione which competes with Adriamycin for electrons. The effect of the spin trap DMPO is also shown at concentrations where the semiquinone was quenched.
Oxygen Consumption Measurements
Oxygen consumption measurements are generally made with a Clark-type electrode in a Yellow Springs biological oxygen monitor. Rigorous measurements which include the determination of maximum pH and best cofactors for a particular enzyme result in V max and K M values. Measurements can also be performed in whole cells. Figure 4 shows one such measurement using a Yellow Springs instrument where whole cells were treated with AZQ eliciting the same redox cycle shown in Figure  3 . The units of oxygen utilization are in either percent oxygen consumed /min/mg protein or quantified to nmoles/min/mg protein (10).
Detection of the Semiquinone and Reactive Oxygen Species 3.3.1 Semiquinone Detection
The semiquinone is detected and quantified by EPR. The EPR spectra of the semiquinone depends on the particular anticancer drug as well as experimental conditions. For instance, for Adriamycin or daunorubicin, one observes a singlet in aqueous biological systems (11) (12) (13) (14) , where the signal is relatively weak, but as organic solvents are added or reduction is achieved chemically, additional hyperfine lines are detected. These additional lines are sometimes enough to obtain EPR parameters such as hyperfine constants which allow to determine the electron's distribution in the molecule and thus characterize the free radical (15, 16). Similarly, the AZQ semiquinone consists of 5 EPR lines in aqueous solvents or biological incubations ( Figure 5 , second spectrum), but when reduced electrochemically in organic solvents, one obtains 11 EPR lines which allow for the complete characterization of this semiquinone (6, 17).
Superoxide Detection
The superoxide radical anion can be detected by spectrophotometric methods, such as the reduction of acetylated cytochrome c (19), and other colorimetric assays described by McCord (20) , or by the EPR method of spin trapping. This latter method employs nitrones or nitroso compounds (spin traps) to scavenge transient radicals and thus produce more persistent nitroxyl radicals (spin adducts). The intensity and pattern of the EPR spectrum of the nitroxyl radical can then provide some information about the magnitude and identity of the trapped radical. In the case of O 2 -the EPR spectrum is very distinctive as can be seen in Figure 6 for the reduction of AZQ by the enzymes contained in the S9 cellular fraction from the cancer cell line MCF-7 in the presence of the metal chelator DETAPAC. Adding superoxide dismutase to the system abrogates the spectrum of the trapped O 2 -. The dismutation of O 2 -by superoxide dismutase (reaction 4) or catalyzed by metal ions (reactions 5 and 6) leads to H 2 O 2 which can also be measured during redox cycling. The further decomposition of H 2 O 2 leads to the formation of .
OH (reaction 7)
. Reactions 4, 5 and 6 are known as Fenton chemistry.
Hydrogen Peroxide Quantification
Hydrogen peroxide can by quantified by colorimetric assays such as the one described by Jiang (22). Table 2 shows the rate of H 2 O 2 production that 20 microM AZQ and 5 micro M DZQ (R= H in the aziridinylbenzoquinone structure of Figure 1 ) can generate in microsomes isolated from MCF-7 cells supplemented with NADPH (23). 
Hydroxyl Radical Detection and Quantification
Hydroxyl radicals which arise from H 2 O 2 via Fenton chemistry (reaction 7) can also be detected by EPR using a variety of spin traps. For DMPO, the DMPO-OH adduct gives rise to a quartet of EPR lines with relative height ratios of 1:2:2:1 and hyperfine splittings (distance between the lines in gauss) of typically A N =A H = 15 Gauss (24). An example of the trapping of . OH during the redox cycling of AZQ as it is reduced by cytochrome c reductase in the presence of NADPH is seen in Figure 5 , first spectrum. The complete system under aerobic conditions yields the typical DMPO-OH adduct EPR quartet. Under anaerobic conditions, only the 5-line EPR signal from the semiquinone of AZQ can be observed. Catalase, which breaks down H 2 O 2 , abrogates the EPR signal from the DMPO-OH adduct ( Figure 5 last spectrum) indicating the role of this oxidant on the formation of .
OH (reaction 7).
There are other methods that rely on the reactivity of . OH radicals for their detection such as aromatic hydroxylation. This particular method uses high performance liquid chromatography (HPLC) to detect the hydroxylated products arising from the reaction of . OH with salicylic or benzoic acids ( e.g. 25).
Recently we have described a very sensitive and reliable method to quantify hydroxyl radicals in the nM range (26-28) This method employs the rapid reaction between . OH and dimethylsulfoxide (DMSO) to produce a single carboncentered radical (the methyl radical), which then reacts with a fluorescamine-derivatized nitroxide (I, Scheme I) to produce the stable O-methylhydroxylamine product (II, Scheme I). The O-methylhydroxylamine is then separated by reversed phase HPLC and quantified fluorometrically with an estimated detection limit of ~ 250 fmoles (26-28). Detailed HPLC methodology to quantify . OH as well as procedures for the synthesis of I and II are given elsewhere (26,27). It suffices to say at this point that it was necessary to establish the conditions under which . OH could be determined quantitatively. This involved determining the dependence of the formation rate of II on the concentration of DMSO, and also determining the dependence of formation rate of II on the concentration of I, taking into account the competition of oxygen for the methyl radical. This last radical is the one that reacts with I to produce II, the compound detected by HPLC (Scheme I OH at rates of 0.071±0.01 and 0.84 ±0.05 nMs -, respectively (28). This is significant because we can show that redox cycling occurs at concentrations of AZQ near to the range used in the clinic. For instance, AZQ is administered as a single dose at concentrations of 10 to 25 mg/ m 2 body area (29). In the case of 10 mg/ m 2 body area AZQ, this dose results in a plasma concentration of 1.7 microg/mL (4.7 microM) 2-3 minutes after drug infusion. Second, we found that OH is produced both extra-and intra-cellularly in the presence of AZQ indicating that this compound is being reduced in both . OH production as a function of AZQ concentration, there is a curvature after 60microM AZQ suggesting that . OH formation rates would eventually reach a plateau at high AZQ concentrations. This curvature was observed both in the presence and absence of enzyme, but disappeared when exogenous Fe(III)-EDTA was added (31). Thus, levels and locations of redox active metal ions can control the quantity of . OH formed and therefore mediate oxidative stress induced by quinone anticancer agents upon redox cycling.
ENZYME SYSTEMS
As mentioned earlier, the metabolism of quinones in biological systems involves a one or two electron reduction. Some enzymes that catalyze a single electron reduction include: NADPH-cytochrome P450 reductase (E.C. 1.6.2.3) (32,33), NADH-cytochrome b 5 reductase (E.C. 1.6.2.2) (33), NADH:ubiquinone oxidoreductase (E.C. 1.6.5.3), and ferredoxin-NADP + reductase (E.C. 1.6.7.1) (34). A two electron reduction is catalyzed by NAD(P)H quinone acceptor oxidoreductase (E.C. 1.6.99.2)(NQOR, DT-Diaphorase) (34-36). There are also enzymes that catalyze simultaneously the reduction of quinones by one-and two-electrons, for example, oxygen oxidoreductase (E.C. 1.2.3.2) (37), NADH:lipoamide oxidoreductase (E.C. 1.6.4.3) (38) and xanthine dehydrogenase (39,409). Xanthine oxidase, is also able to reduce anthracyclines with the production of free radicals (41).
When studying redox cycling in whole cells and cell fractions it is important to ascertain which enzyme may be involved in the reduction of the quinone anticancer agent in question. Above is listed a wide variety of enzymes that can reduce/activate a particular drug and levels of these enzymes can vary with cell line. There is a whole area of research dealing with the enzymology of bioreduction (see Hodnick and Beall in this Special Issue). In the case of aziridine-quinones, two enzymes are important, namely, NADPH cytochrome c reductase (e.g. 14,32,42,43) and DT-Diaphorase ( e.g. 21, 35, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . Figure 7 shows the activity of these two enzymes in different cell fractions from MCF-7 cells. As expected, DTDiaphorase showed most of the activity in the cytosol and S9 supernatant fractions, whereas cytochrome c reductase showed most activity in microsomes and some in the S9 fraction. (S9 fraction contains both, cytosol and microsomes). That DT-Diaphorase is important in the bioactivation of aziridine-quinones is demonstrated by the diminished cytotoxicity of AZQ in BE human colon cancer cells which lack the enzyme ( e.g. 53).
FATE OF THE REDOX CYCLING PRODUCTS
The fate of the reduced products semiquinone, hydroquinone and reactive oxygen species is important, for they are implicated in the toxicity/antitumor activity of quinones. In the case of the Adriamycin semiquinone, experiments have shown that the EPR shape of the singlet line change from the freely rotating molecule into a more restricted motion as the insoluble aglycone is formed and precipitates out of solution (11, 57) . Simultaneous quantitative measurements of aglycone production and Adriamycin semiquinone show a correlation suggesting that this semiquinone is involved in the cleavage of the glycosidic bond to form Adriamycin aglycone (9).
In the case of aziridine-quinones, the semiquinone of AZQ is quenched by ascorbic acid after AZQ's reduction in blood (Figure 8) (58, 59) . Thus in blood, the effects of oxidative stress caused by the redox cycling of AZQ may be minimized. The fate of the semiquinone and ROS is also intimately related to the damage that theses species can inflict to the cell. This will be discussed in the next section.
EFFECTS OF REDOX PRODUCTS ON BIOLOGICAL SYSTEMS
Most of the currently used antineoplastic agents elicit their effects by directly damaging cellular DNA or through mechanisms involving the inhibition of DNA synthesis, the mitotic apparatus, or topoisomerases (60) . The variability observed in the effectiveness of chemotherapeutic agents probably reflects cell-type specific responses to DNA damaging agents.
Damage to DNA
In general, anthracyclines and other planar anticancer agents ( Figure 1 ) tend to intercalate into DNA. To date there is no evidence that the semiquinone of these compounds is involved in this process, but it can generate ROS very close to DNA. On the other hand, quinone alkylators in general, as well as those whose alkylating properties are enhanced by enzymatic or chemical reduction, tend to cross link DNA and synthetic oligos at 5'-GN n C or 5'-GC sites as in the case of aziridinylbenzoquinones (61) (62) (63) (64) . For details see Hargreaves in this Special Issue.
Reactive oxygen species generated during the redox cycling of AZQ and DZQ can result in the formation of strand breaks (35, [65] [66] [67] . The . OH in particular can lead to the formation of the mutagenic lesion 8-OHdG in MCF-7 cells treated with H 2 O 2 or AZQ (Table 3) .
6.2.Gene Activation by Redox Cycling Aziridine Quinones
The generation of ROS during the redox cycling of aziridine quinones implicates these compounds in all the oxidative stress-related events that take place in the cell, for example, signal transduction, gene activation and DNA damage. For more detail on the effects of these quinones on gene activation and cell cycle, the reader is referred to the Cadenas, Review VII of this Special Issue. Here we will only mention the tumor suppressor gene p53. In general, DNA damaging agents were shown to increase p53 in part through an increase in the half life of this protein (68, 69) . There is evidence that AZQ, DZQ, and MeDZQ (R=methyl in aziridinylquinone structure of Figure 1 ) are able to increase p53 levels in MCF-7 cells, and that this induction depends on the drug concentration and on the time of exposure (23). Furthermore, this induction is also dependent on the bioreductive activation of these agents by DT-Diaphorase (Figure 9 ).
Redox cycling accounted for part of the p53 induction process, but alkylation, which is enhanced by reduction, also has an important role. This was ascertained by measuring the levels of p53 in MCF-7 cells after treatment with thiotepa, a compound that has three aziridines but no quinone moiety, or treatment with pbenzoquinone (p-BQ). Thiotepa was able to induce p53 at 50 micro M for 5 hr, while p-BQ had but a faint induction band at the same concentration and exposure time (23). Thus, the quinone and aziridine moieties act in concert to induce p53 in MCF-7 cells. Another very important result is that these aziridine quinones induced apoptosis that is independent of the p53 status of the cells (23).
PERSPECTIVE
Redox cycling is fundamental to the metabolism of quinone alkylating agents used in the treatment of cancer. The consequences of redox cycling may change with cell line, cellular pH, oxygen concentration, and with the type of tumor. Thus this process is at the core of drug development, gene activation, the enzymology of bioreduction, and cytotoxic and genotoxic effects, all of which are addressed in this Special Issue. In addition, the role of ubiquitous metal ions is important and can control not only the amount of hydroxyl radicals generated, but the site of their generation as well.
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